One of the most critical technical issues with regard to supersonic commercial transportation is the sonic boom that occurs during supersonic cruising flight, which causes impulsive noise on the ground. The ''supersonic biplane theory'' has been proposed to reduce the sonic boom. Shock wave interaction and cancellation between the wings of a supersonic biplane can be realized at a specific design Mach number, but does not work at off-design values. Here, the low-speed aerodynamic performance, as off-design performance, of a baseline supersonic biplane was investigated and discussed using experimental and computational fluid dynamics approaches. The thin airfoil stall characteristics of a supersonic biplane were shown to be caused by the stall of both upper and lower wings at an angle of attack of 20
Introduction
Recently, commercial aircraft have been classified into either large or high-speed types, to fulfill various customer requirements around the world. The former class, represented by aircraft such as the B747, can realize mass transit at low cost for intercontinental transport, and provide superior comfort as in the case of the new A380. On the other hand, since the retirement of Concorde in 2003, the first priority of the latter type is economic efficiency for the airlines. 1, 2) A number of environmentally driven technical issues must be also resolved for the realization of such high-speed aircraft, including airframe noise and engine exhaust jet engine noise around airports during takeoff and/or landing, and sonic boom in supersonic flight.
One of the most critical technical issues regarding supersonic commercial transportation is the sonic boom during supersonic flight, which causes large wave drag and impulsive noise on the ground. With regard to aerodynamics, the sonic boom induced by shock waves around the fuselage and the wing is inevitable during supersonic flight. Recently, Kusunose proposed the ''supersonic biplane theory'' to reduce the sonic boom. 3, 4) Briefly, this concept utilizes the shock wave interference and cancellation between the wings of the Busemann biplane; Adolf Busemann proposed that the sonic boom can be reduced using the interference between the shock wave and expansion fan. 3, 4) CFD (Computational Fluid Dynamics) analyses [5] [6] [7] [8] have been performed to verify this theory. Moreover, CFD analyses and the inverse design method [9] [10] [11] [12] have been applied to supersonic biplane conceptual design and have been shown to produce effective results. However, these methods must be validated by experiment to capture the flow phenomena comprehensively. [13] [14] [15] These previous studies on aerodynamic performance focused on the supersonic and transonic range. However, the performance in a low-speed range has not been consid-
The Japan Society for Aeronautical and Space Sciences ered in sufficient detail, and therefore must be investigated for practical application, as an actual aircraft must go through both takeoff and landing.
The purposes of this study with wind tunnel testing and CFD analysis were to investigate and analyze the fundamental low-speed aerodynamic performance and the flow characteristics around baseline supersonic biplane, and to clarify the effects of the upper and lower wings on the flow separation and stall characteristics and low-speed aerodynamic forces.
Wind Tunnel Testing

Low-speed wind tunnel testing and models
These experiments were performed in the low turbulence wind tunnel facility at the Institute of Fluid Science, Tohoku University, as shown in Fig. 1 . This facility has an opentype octagonal test section and the distance to the opposite side is 810 mm. The model is set up on the flat plate that eliminates the boundary layer development from the wind tunnel outlet. A three-component aerodynamic force balance is installed beneath of the flat plate and covered with the fairing panel for the windshield. A Pitot-static tube is installed to measure the mainstream velocity at the wind tunnel nozzle outlet.
The two-dimensional experimental model of the baseline supersonic biplane is shown in Fig. 2 . This baseline model is made of free-cutting brass, and the acrylic end plate is 200 mm in diameter and attached to the biplane model to maintain the distance between the wings. The biplane specifications are as follows: chord length, c ¼ 100 mm; wing thickness, t ¼ 5 mm (t=c ¼ 0:05); wing span, w ¼ 150 mm; and wing distance, G ¼ 50 mm (G=c ¼ 0:50). The aspect ratio of these models is AR ¼ 1:50. These model specifications are the same as the supersonic and transonic wind tunnel experimental model, [13] [14] [15] because this model configuration can realize the shock wave interaction and cancellation at a specific design Mach number, M 1 ¼ 1:7. The experimental model is illustrated in Fig. 3 . Here, baseline indicates that the biplane has no flaps, as shown in Fig. 3 .
Experimental conditions
The free stream velocity U 1 was changed from 10 to 30 m/s and angle of attack was changed from À40 to 40
. The angle of attack can be changed using the turntable beneath the experimental model. The mean atmospheric pressure is 102.1 kPa and the mean temperature is 283 K. The Reynolds number, Re, is from 2:46 Â 10 4 to 1:73 Â 10 5 , because the characteristic length is the chord length of the biplane, c ¼ 100 mm.
Aerodynamic measurement and visualization
The aerodynamic performance, such as lift, drag, and pitching moment, can be measured using a three-component force balance (LMC-3501-50NS; Nissho Electric Works) with the change in free stream velocity U 1 and angle of attack , respectively. These non-dimensional parameters, C L and C D , are defined by the reference area; here, the biplane wing area w Â c. These measurement data are controlled, captured, and analyzed using LabVIEW (National Instruments Corp.) on a personal computer during wind tunnel operation with a measurement duration of 20 s and sampling rate of 1 kHz.
Smoke visualization under only U 1 ¼ 2 m/s was performed to investigate the low-speed flow field around the wings of the biplane with changes in angle of attack . The increase in the free stream velocity may result in smoke diffusion and failure of visualization. Therefore, smoke visualization was performed at the very low-speed free stream velocity. In addition, these flow fields were assumed to be analogous with those at low Reynolds number.
Oil-flow visualization was performed to investigate the wing surface of a supersonic biplane. The paint film was made of a liquid mixture including liquid paraffin as the grease and oxidized titanium as the colorant. This paint was applied with a sponge. The wing surface made of the brass was black for ease of visualization.
3. CFD Analysis 3.1. Computational grid CFD analyses were performed to investigate the flow field around the two-and three-dimensional biplane models in the low-speed range. CFD analysis in the case of the three-dimensional biplane model simulated the experimental studies with an end plate and a flat plate to eliminate the boundary layer, as shown in Fig. 1 . These results show the aerodynamic performance and the flow field.
The wing model configuration data was generated by CATIA (Dassault Systems). The computational grid around the supersonic biplane was generated using Edge Editor, which is an unstructured grid generator.
16) The unstructured grid was adopted as it is superior in the adaptive configuration and will allow complicated wing configuration with some high-lift devices, such as flaps and slats to be implemented in the near future.
These computational grids for two-and three-dimensional analyses are shown in Fig. 4 . Total grid number was about 0.10 million in the case of the two-dimensional model and about 3.53 million in the case of the three-dimensional model.
Computational method
A three-dimensional unstructured flow solver named TAS code (Tohoku University Aerodynamic Simulation code) [17] [18] [19] was employed to simulate the flow field around the supersonic biplane in the present study. Pseudo twodimensional computation can be performed with a stretched three-dimensional grid in depth, at constant. Three-dimensional Navier-Stokes equations were treated in this solver.
Preconditioning was introduced into this TAS code for compressible flow analysis to deal with incompressible flow, such as the low-speed range in this study. 20) The differences between the existing and the present TAS code are numerical flux computation by pre-processing, 21, 22) changes in the lower/upper symmetric Gauss-Seidel (LU-SGS) implicit method for unstructured mesh, 23) and SST k-! turbulence model. 24) The reference speed U ref as pseudo sonic speed was calculated by the following formula 25) :
Where, a is local speed of sound, u is local flow velocity and u 1 is free stream velocity and K is a parameter that decides the lower limit of reference speed. With K, convergence performance is more stable. In this study, K was 0.5 to 1.0 in the case of two-dimensions and 2.0 in the case of three-dimensions.
Computational conditions
Computational conditions corresponded to experimental ones to compare them each other. The free stream velocity U 1 and angle of attack were changed from 10 to 30 m/s and from 0 to 25 , respectively. The Reynolds number, Re, was set up from 2:46 Â 10 4 to 1:73 Â 10 5 , because the characteristic length is the chord length of the biplane c ¼ 100 mm. The turbulence intensity T u was 1% in free stream for SST k-! turbulence model and there was assumed to be fully turbulent flow.
Results and Discussion
Aerodynamic performance by wind tunnel testing
The lift and drag coefficients, C L and C D , of the baseline supersonic biplane model made of brass are shown in Fig. 5 with angle of attack, , under the free stream velocity, from 10 to 30 m/s. The legend ''BLW xxxx '' in these figures indicates the experimental identifier, period, and run number.
At an angle of attack of zero, these C L had zero lift and C D had minimum drag performance, and they were independent of free stream velocity. The C L had original point symmetry, while C D had axial symmetry over the whole range of angle of attack. The stall angles were around 20 and the C L decreased gradually due to the two wings after the stall, as shown in Fig. 5 . These experimental results showed the similar characteristics of the standard airfoil and the baseline supersonic biplane in the whole low-speed range. On the other hand, these C D had an inflection point 
Aerodynamic performance by CFD analyses
The lift and drag coefficients, C L and C D , are shown in Fig. 6 under a constant free stream velocity of 30 m/s. These cases under a free stream velocity of less than 30 m/s were not selected for CFD analysis due to the poor convergence performance at lower free stream velocities.
There was a discrepancy between the two-dimensional CFD analysis (2D-CFD) and experiment. As shown in Fig. 6 , especially C L in 2D-CFD was much higher than that measured by experiment, although C D in 2D-CFD was almost the same as the experimental value. This discrepancy in the lift-slope between the 2D and 3D models was almost same as the standard airfoil. 26) Meanwhile, three-dimensional CFD analysis (3D-CFD) showed good agreement with the experiment before the stall, around 20 . However, after the stall, they did not show good agreement due to the separation vortex from the upper side of the upper and lower wings.
This discrepancy was produced by the different flow characteristics around these biplane models. Two-dimensional wing model keep the theoretical flow condition around it in wing span direction; however, three-dimensional wing model produces the wing tip vortices, which reduced the lift and increases the drag. This model has the endplate, the wing root, and the flat plate for boundary layer elimination from the wind tunnel nozzle. Although the endplate was installed on the biplane model, the main purpose of the endplate was to maintain the wing distance of the biplane. It was not sufficient to eliminate the wing tip vortices. We suppose it was the main reason why 2D-CFD results overestimated the lift. The flow field and characteristics around the supersonic biplane in the low-speed range are discussed in detail below based on 3D-CFD analyses.
Pressure contour around the supersonic biplane
These C p contour maps by 3D-CFD are shown in Fig. 7 to investigate the low-speed flow field and characteristics around the supersonic biplane with angle of attack under a constant free stream velocity of 30 m/s. In addition, the discrepancy between the experiment and 3D-CFD after the stall were investigated as shown in Fig. 6 . These C p contour maps indicate the cross-section at the central position of the wing span.
The pressure around the lower side of the lower wing increased with increasing angle of attack. On the other hand, greater angle of attack was associated with a much smaller pressure region on the upper side of lower wing. These pressure differences across the upper and lower sides of the lower wing produced the lift of the lower wing. On the other hand, in the horizontal direction these larger pressure differences across the upper and lower sides of the lower wing produced greater drag at higher angle of attack. There was a region of higher pressure around the leading edge of the wing at higher angles of attack, and therefore the pitching moment must be considered from the viewpoint of stability.
There was no clear difference between the pressure contours at the angles of attack of 20 and 25 . These conditions did not indicate the stall characteristics and these pressure fields produced almost the same lift, as mentioned and shown in Fig. 6 . This is one of the inevitable disadvantages of CFD analysis due to the mesh resolution and the fully turbulent flow assumption with the turbulence model that prevented accurate capture of the small-scale turbulence vortices. Much finer meshes markedly increase the computational costs.
Flow field around the supersonic biplane
Moreover, the flow characteristics around the supersonic biplane can be discussed in detail by 3D-CFD analysis using the velocity vector maps as shown in Fig. 8 there was flow separation on the upper side of these wings under an angle of attack of greater than 10 . These flow fields were similar to the flow field around the thin airfoil rather than the standard one.
In addition, the flow between the wings accelerated gradually with reduction in the size of the flow path against the free stream. The separated flow at the leading edge of the lower wing was curved along the wing surface due to interference with the upper wing. The reattachment flow from the leading edge of the upper and lower wings was of particular importance to gain a better understanding of the thin airfoil stall characteristics of a supersonic biplane. 27) The streamline around the supersonic biplane was examined to investigate the separated flow behavior in more detail (Fig. 9) . The separated flow of the upper wing was reattached to the surface at angle of attack of 10 ; however, this flow region grew gradually at an angle of attack of greater than 20 . This separated flow behavior is similar to the thin airfoil stall characteristics. 27) On the other hand, the separated flow of the lower wing was reattached to the surface at an angle of attack of 10 . The flow separation on the lower wing was suppressed by interference with the upper wing at an angle of attack of greater than 20 . This separated flow behavior was not similar to the thin airfoil stall characteristics.
These separated flows on the wing surface were also clarified by wind tunnel testing at angles of attack of 20 and 25 , as shown in Fig. 10 . These smoke visualization images were captured during the same runs. They showed similar separated flow behavior at angles of attack of 20 and 25
, respectively. Moreover, they showed steady-flow behavior similar to the results of CFD analysis. CFD analysis can reproduce the same flow field as the smoke visualization images by wind tunnel testing.
Wing surface flow of the supersonic biplane
The experimental models in the present study were designed ideally to be two-dimensional. However, the acrylic end plate was needed to maintain the wing distance, to prevent the effect of wing tip vortices, and the flat plate was needed to eliminate boundary layer development from the wind tunnel nozzle. They may disturb the two-dimensional flow around the supersonic biplane model and result in prediction error. Here, the flow field on the lower wing surface of a supersonic biplane was investigated by CFD analysis and oil-flow visualization to clarify the impact on aerodynamic performance. First, to investigate the two-dimensional flow region, the surface streamlines on the lower wing are shown in Fig. 11 under a constant U 1 ¼ 30 m/s, and angles of attack of 0, 10, 20, and 25 , respectively. There was two-dimensional flow on the entire surface of the lower wing at an angle of attack of 0 . However, the lower wing surface downstream of the ridgeline was affected by the separation vortices around the acrylic end plate and the flat plate. Remarkable leading edge flow separation was observed with increasing angle of attack. At an angle of attack of 10 , this leading edge flow separation flow of the lower wing was reattached to the wing surface. In addition, this flow formed a separation bubble in the wing span direction as shown in Fig. 9 .
At an angle of attack of 20 or 25 , the leading edge flow separation of the lower wing reattached to the trailing edge surface. The thin airfoil stall characteristics of the lower wing were then examined. Increases in the angle of attack were associated with remarkable flow separation around the acrylic end plate and flat plate, which resulted in narrowing of the two-dimensional flow region. In addition, the entrainment flow from the lower side higher pressure region was seen at the trailing edge of the lower wing, and this vortex flowed in the spanwise direction.
Moreover, the differences between the upper and lower wing surfaces were investigated, and the surface streamlines on the upper side of the upper wing are shown in Fig. 12 . Similar to Figs. 8-10 , the surface streamline on the upper wing was reattached to the rearward edge of the upper wing surface. The upper wing was not stalled at the angle of attack of 0 . These reattachment points moved to the trailing edge of upper wing at higher angles of attack. In addition, the entrainment flow from the lower side higher pressure region was seen at the trailing edge of the upper wing, and this vortex also flowed in the spanwise direction. At the angle of attack of greater than 20 , the upper wing was stalled like the lower wing as shown in Fig. 11 .
The three-dimensional flow around the supersonic biplane was not ignored to allow accurate estimation of the aerodynamic performance. Here, we focused on the flow field around the wing root and flat plate for boundary layer elimination. Oil flow visualization was performed to investigate the surface flow patterns. The oil flow visualization image is shown in Fig. 13 with the streamline by 3D-CFD analysis at an angle of attack of 10 under free stream velocities of 10 and 30 m/s, respectively. The free stream velocity in the case of 3D-CFD analysis was not the same as that in wind tunnel testing. As shown in Fig. 5 , the aerodynamic performance is independent of the free stream velocity; therefore, the data shown in Fig. 13 can be compared to understand the surface flow phenomena. A number of remarkable features were revealed by oil flow visualization and 3D-CFD analysis as shown in Fig. 13 : the reattachment line around the leading edge of the lower wing is bent due to the interaction with the boundary layer on the flat plate, and the separation bubble around the leading edge of the lower wing and the flat plate. Qualitatively, the surface streamline patterns measured by oil flow visualization were almost the same as those determined by 3D-CFD analysis.
In addition, the slight differences between the flow patterns in Fig. 13 were clarified as follows: the reattachment line in the right figure was more upstream than that in the left figure; the bending line point in the right figure was higher than that in the left figure; and the separation bubble in the right figure was slightly smaller than that in the left figure. These differences might be caused by the treatment of the corner flow by the turbulence model for 3D-CFD analysis. These regions of influence around the wing root resulted in a three-dimensional flow field around the supersonic biplane, and there is a possibility of yielding the error in aerodynamic performance estimation. Not only the flow field between the wings of the biplane but also the wing surface flow of the biplane must be clarified to gain a comprehensive understanding of the flow characteristics around it.
Biplane effect on lift and drag characteristics
As mentioned in the sections above, the flow field and characteristics around the supersonic biplane were clarified by wind tunnel testing and 3D-CFD analysis. The findings of these experiments can aid in understanding the low-speed aerodynamic performance of a supersonic biplane. They can be measured by the force balance, but cannot be separated into those of the upper and lower wings of a supersonic biplane.
Next, we focus on the low-speed aerodynamic performance of the upper and lower wings as determined by 3D-CFD analysis. The stacked bar charts show the lift coefficients of upper and lower wings and the line plot shows the total lift, drag coefficients, and lift-to-drag ratio of supersonic biplane, respectively, as shown in Figs. 14-16, respectively, by comparison with the smoke visualization shown in Figs. 10-12 . The numbers in these figures show the lift, drag, and lift-to-drag ratio fractions of upper and lower wings, respectively.
At an angle of attack of 0 , the lift coefficients of the upper and lower wings had almost the same values although of opposite sign (þ vs. À) as shown in Fig. 14 ; therefore, these lifts cancelled out each other. The lift increased gradually with increasing angle of attack. However, the lift of the lower wing was dominant to produce the lift of the supersonic biplane at the low-speed range. At angle of attack of less than 10 , the lift of the upper wing was not sufficient to produce lift of the supersonic biplane. There was no sufficient pressure difference across the upper wing due to the leading separation reattachment on the upper wing surface and the accelerated flow between the wings by reduction in the size of the flow path.
At an angle of attack of greater than 10 , the upper wing produced positive lift due to the leading separation reattachment downstream on the upper wing surface than that at angle of attack of less than 10 . At an angle of attack of 10 , the lift of the upper wing made up 27.6% of the total lift. However, the lift fraction of the upper wing decreased gradually with increasing angle of attack due to the whole separation on the wing surface, as shown in Fig. 9 .
At an angle of attack of greater than 10 , the separation was larger on the upper wing surface and caused a decrease in lift of the upper wing as shown in Fig. 14. On the other hand, the lift of the lower wing increased monotonically with increasing angle of attack.
Moreover, the drag fractions of the upper and lower wings were examined to investigate the drag characteristics with changes in angle of attack, as shown in Fig. 15 . This figure shows the monotonic increase in drag of both upper and lower wings with increasing angle of attack. However, the drag of the upper wing was almost constant through angles of attack of 20 and 25 due to the whole flow separation on the upper wing surface. The lower wing showed a greater increase in drag due to the higher pressure region beneath the lower wing with increasing angle of attack, although the lower wing produced more lift than the upper wing, as shown in Fig. 7 .
In addition, we focused on L=D fractions of upper and lower wings to investigate the total aerodynamic performance, as shown in Fig. 16 . As mentioned in Figs. 14 and 15, the L=D of the lower wing was dominant. In addition, around an angle of attack of 5 , the baseline supersonic biplane had maximum L=D. Thus, L=D was sensitive to the increase in drag with changes in the angle of attack.
These lift, drag, and lift-to-drag ratio fractions of the upper and lower wings of the supersonic biplane can be applied to explore on which wings the high-lift devices should be installed to improve the low-speed aerodynamic performance.
Total low-speed aerodynamic performance
The polar curves are plotted in Fig. 17 . These curves show the results of 2D-CFD and 3D-CFD analyses as well as wind tunnel testing. The polar curve of 2D-CFD showed much smaller drag coefficients than the others. The 2D-CFD approach did not consider the three-dimensional flow around the end plate and the wing root of the supersonic biplane.
The results described here indicated three remarkable features as follows: the drag coefficients by wind tunnel testing were slightly smaller than those by 3D-CFD at around an angle of attack of 0 ; the drag coefficients measured by wind tunnel testing were larger than those by 3D-CFD until the stall; and the lifts were overestimated by 3D-CFD as compared with wind tunnel testing after the stall. Under the same lift coefficients around an angle of attack of 0 , 3D-CFD analysis indicated larger drag coefficients than wind tunnel testing. The flow was assumed to be fully turbulent for 3D-CFD analysis, which was responsible for the increase in drag.
On the other hand, the drag coefficients on wind tunnel testing were larger than by 3D-CFD before the stall. The flow was gradually separated on the upper wing surface with changes in angle of attack, as shown in Figs. 9-13. In addition, this caused turbulent transition on the upper wing surface, and then the larger drag coefficients were measured by wind tunnel testing. In the case of the turbulent transition due to flow separation on both the upper and lower wing surfaces, the supersonic biplane stalled as shown in Fig. 17 . However, the stall characteristics were not determined by 3D-CFD analysis due to the disadvantages of CFD analysis, which has difficulties in capturing flow separation, such as small-scale turbulence vortices. The experimental data were not above the line showing L=D ¼ 4, while the 3D-CFD data were above this line. This difference must be overcome to achieve improved performance.
Conclusions and Future Work
In this study, the flow field and characteristics around a supersonic biplane were investigated and discussed in the low-speed range based on experimental and computational fluid dynamics approaches. The conclusions drawn from this study are as follows:
1) The fundamental aerodynamic performances, C L , C D , and L=D, of a baseline supersonic biplane by 3D-CFD analysis were in good agreement with wind tunnel testing.
2) The thin airfoil stall characteristics of a supersonic biplane were clarified and shown to be caused by the stall of both upper and lower wings at an angle of attack of around 20 . Although, there was leading flow separation of the upper wing at lower angle of attack, the stall of the lower wing was suppressed by interference with the upper wing. 3) The lift of the lower wing was almost dominant to produce the lift of the supersonic biplane in the low-speed range; however, the lower wing caused larger drag than the upper wing at higher angle of attack. The decrease in lift of the upper wing was associated with the negative camber and the whole flow separation on the wing surface. Based on the observations described here, the optimized configuration must be explored to fulfill the required lowspeed aerodynamic performance with not only wind tunnel testing but also CFD analysis.
